Abstract. We consider the ensemble of very-high-energy gamma-ray sources observed at distances and energies where a significant absorption of gamma rays is expected due to pair production on the extragalactic background light. Previous studies indicated that spectra of these sources, upon correction for the absorption, exhibit unusual spectral hardenings which happen precisely at the energies where the correction becomes significant. Here, we address this subject with the most recent clean sample of distant gamma-ray blazars, making use of published results of imaging atmospheric Cerenkov telescopes and of the Pass 8 Fermi-LAT data, supplemented by the newest absorption models and individual measurements of sources' redshifts. We conclude that the distance dependence of spectral hardenings is detected with the statistical significance of 4.5 standard deviations, which suggests that new physical processes, e.g. those involving new hypothetical light bosons (axion-like particles), should be accounted for in the study of the gamma-ray propagation in the Universe.
Introduction
It is well known since 1960s [1] that energetic gamma rays produce electron-positron pairs on the extragalactic background light (EBL). Because of this process, gamma-ray flux from distant sources is attenuated severely and the propagation distance is limited. Very-highenergy (VHE) gamma rays (energy E 100 GeV) scatter most efficiently on the infrared and -1 -visible background photons, and information on the intergalactic absorption may be derived from VHE observations of emitters located at cosmologically large distances.
There exists some long-standing controversy in the determination of the EBL intensity.
Direct observations are very difficult to carry out because of strong foreground contamination by the Zodiacal light and by the Galactic foreground. Nevertheless, numerous attempts gave coherent, though quite uncertain, results. At the same time, there exist several theoretical and semi-empirical models for the EBL which, being consistent between each other, point to the intensity a factor of a few lower than that derived from direct observations. Some of the models are based on the galactic counts and represent lower limits on the EBL intensity, given just by the sum of contributions from guaranteed light sources. Others include more theoretical input from the star formation rate history but point to a similar range of intensities.
The situation remains unsettled: two independent observations, published in 2017 and using different sophisticated techniques to get rid of the foreground systematics, point consistently to the EBL intensities a factor of two higher than the most recent theoretical model. For the purposes of the present study, we need a conservative (low-absorption) model and use that of Korochkin and Rubtsov (2018) [2] as the most recent available benchmark for the low-EBL theoretical models. Variations of the absorption model will be discussed in the context of systematic uncertainties of our results.
Distant blazars were observed in energetic gamma rays from the early days of the VHE astronomy. It has been pointed out long ago that some of them are seen from distances for which the optical depth with respect to the pair production on EBL is significant. This apparent tension with expectations was dubbed "the infrared/TeV crisis" [3] . However, subsequent improvements in EBL models demonstrated that the tension is not that strong. Moreover, apparent hardening of the intrinsic spectrum (corrected for the pair-production attenuation, that is "deabsorbed"), seen in several individual sources, might be related to physical conditions in particular objects, though a successful model for these hardenings is missing [4] .
The situation has been changed when the number of sources observed at large optical depths became sufficient for studies of their ensembles. By comparing deabsorbed spectra of two pairs of similar sources, T. Kneiske (unpublished) has pointed out that spectra of distant sources exhibit unusual hardenings at high energies while those of physically similar nearby objects do not. The study of a sample of 7 sources observed by imaging atmospheric Cerenkov telescopes (IACTs) at optical depths τ 2 by Horns and Meyer [5] demonstrated that the energy at which such hardenings happen is correlated with the distance to the source in such a way that the spectra become harder only when the correction for the pair-production absorption is significant. This correlation can hardly be caused by any physical reason and -2 -suggests that the optical depth is estimated incorrectly. The statistical significance of this "pair-production anomaly" was estimated at the ∼ 4σ level 1 .
The most complete sample of sources observed at large optical depths (τ 1, 15 objects observed by IACTs and 5 objects observed by Fermi Large Area Telescope, LAT) has been considered [6] in 2014. There, we first confirmed the existence of significant hardenings in deabsorbed spectra of a number of objects at the energies where the correction for pair production becomes important. We then considered the full sample of objects, including those with and without statistically significant hardenings, and fit their deabsorbed spectra with the broken power-law function, assuming the break at the energy E 0 , at which the pair-production optical depth τ (E 0 ) = 1 (these energies are different for sources at different redshifts). We found that the break strength, that is the difference between power-law indices below and above E 0 , grows with the source redshift. Statistical significance of this distance dependence, which again suggests an unphysical origin of the hardenings and hence an incorrect account of the absorption, was found to be ∼ 12σ.
All these results are of great importance not only for the gamma-ray astronomy, but also for other fields of physics and astrophysics. As it will be discussed below, overestimation of the absorption can hardly be understood without invoking new physical or astrophysical phenomena, and the most promising explanation of the data requires the existence of new light particles beyond those described by the Standard Model of particle physics.
Since 2014, several important improvements changed the field. Firstly, many new observations of distant VHE blazars have been performed by IACTs. Secondly, the Fermi-LAT team not only accumulated additional years of statistics, very important for faint distant VHE sources, but also issued the new "Pass 8" reconstruction [7] improving the data processing. Another related novelty is the 3FHL catalog [8] of hard-spectrum sources making pre-selection of the sample easier and more uniform than before. Thirdly, from the EBL side, new and improved conservative theoretical models have become available [2, 9, 10] , but at the same time new sophisticated observational studies strengthened the tension in the determination of the background radiation intensity [11, 12] . Finally, for a number of objects, new information on their redshifts became available. The main purpose of this work is to revisit the claim of Ref. [6] with the enlarged high-quality sample of sources, taking into account all the listed improvements. In addition, unlike in the letter-like paper of 2014, here we present 1 Hereafter, we quote statistical significances in terms of standard deviations, σ, as it is customary in the high-energy physics. One should always understand the following meaning of these estimates: the probability that the observed, or stronger, effect appears as a random fluctuation is the same as it would happen for a normally distributed random quantity deviating from the mean by this number of standard deviations. The underlying probability distribution is never Gaussian in the analyses we discuss.
-3 -all details of the analysis so that the readers could repeat the study themselves in case new data are available. We also present some tests demonstrating independence of our results from potential biases and their stability with respect to systematic uncertainties.
The result of the present study supports previous claims of distance-dependent hardenings in spectra of VHE gamma-ray blazars, corrected for the pair-production attenuation with conservative EBL models. Absence of these hardenings is excluded with the statistical significance of 4.5σ.
The rest of the paper is organized as follows. In Sec. 2, we discuss the gamma-ray data used in our study. Section 2.1 summarizes general criteria for the sample construction. Section 3 describes the data analysis procedure and presents the main results of the paper. We describe how the correction to the pair-production opacity is implemented and perform a combined analysis of the full sample of 28 sources. We fit all the spectra with absorbed broken power laws fixing the break energy to E 0 ; clearly, the value of E 0 varies with the distance to the source. Here, we obtain the main result of the paper: a 4.5σ evidence for the distance dependence of spectral hardenings. While the outline of our study and a summary of results are given in this Introduction, we present a brief account of our conclusions and discuss possible approaches to the interpretation of our results in Sec. 5. Appendix A presents observed and best-fit deabsorbed spectra of 28 blazars entering our main sample.
The data

Selection criteria
The purpose of the present study implies the use of high-quality gamma-ray spectra of sources located at large, confidently known distances. The obvious candidates are blazars with firmly measured redshifts. For various redshifts z, the absorption due to e + e − pair production becomes important at different energies of photons: for more distant sources, pair production affects the spectra at lower energies 2 . The benchmark energy, at which the absorption becomes important, corresponds to the optical depth τ = 1 and is denoted as E 0 hereafter,
which determines E 0 (z) for a given absorption model, see Fig. 1 . To study the behaviour of a spectrum in the region of strong absorption, one needs observations at E E 0 , which requires the use of different instruments for objects located at different redshifts; for large z, E 0 is typically dozens of GeV, and the relevant instrument is Fermi LAT, while for less distant objects, E 0 is of order of several hundred GeV, and the data of IACTs should be used.
Though the data are published in quite different ways, it is essential to treat them on equal footing. Here we discuss our general requirements governing selection of the objects, which will be implemented in the next two subsections for the Fermi-LAT and IACT data.
Redshift criteria. Incorrectly determined or uncertain redshifts may hurt any of blazar studies. This happens quite often, especially for BLLs whose spectra do not possess strong emission lines. We require a firm spectroscopic redshift for the objects included into our sample. More specifically, we start from a preselected sample of gamma-ray blazars and check, for every object, the relevant redshift information and references in the NASA/IPAC Extragalactic Database (NED) 3 . The redshifts are accepted if they satisfy (R1) and one of (R2A), (R2B), (R2C) criteria:
(R1) the redshift is spectroscopic (not photometric) AND EITHER (R2A) the redshift is determined in a dedicated study (if several dedicated studies give different results, the latest one is used), OR (R2B) the redshift quoted in NED is determined in 2dF Galaxy Redshift Survey 3 Available at http://ned.ipac.caltech.edu.
-6 - [14] or 6dF Galaxy Survey [15] , OR (R2C) the redshift quoted in NED is determined in the Sloan Digital Sky Survey (SDSS), the result is unique and does not change from one release to another.
These criteria are based on the previous experience in the use of redshift data and are of course ad hoc ones. Their application removes many uncertain redshifts.
Spectral criteria. In our work, we use binned gamma-ray spectra, because only this information is publicly available for the objects observed by IACTs. We impose the following criteria for the spectra:
(S1) information for at least 5 energy bins is available;
(S2) the lowest energy E last of the last spectral bin satisfies E last > E 0 AND the lowest energy of the third from below spectral bin is below E 0 .
These criteria are aimed at the reconstruction of spectra at E both below and above E 0 with reasonable accuracy.
Several comments are in order. Firstly, (S2) depends on the assumed absorption model,
and therefore the samples we use in Sec. 4.1.1, when studying the sensitivity of our results to the choice of this model, are slightly different from one to another. Secondly, while we require a nonzero measurement in the last bin for our main study, we allow for an upper limit when studying potential effects of the Malmquist bias in Sec. 4.1.2.
IACT subsample
To construct the sample of blazars observed by IACTs, we start with the database consolidating results published by different observatories, the TeVCat online source catalog [16] 4 .
The preselected sample includes objects classified as blazars there (classes "HBL", " 'IBL", "LBL", "BL Lac (class uncertain)", "FSRQ" and "blazar"), 68 objects in total as of summer 2017. Then, for each object in the sample, we checked the redshift selection rules (R1) and ((R2A) or (R2B) or (R2C)), using references from NED, and availability of gamma-ray spectra satisfying (S1), using references from TeVCat.
Some objects have been observed several times, often by multiple instruments. To avoid double counting of information, which may artificially increase or dilute observed effects, we use only one observation for each source. It is chosen on the basis of better statistics (including the number of available spectral bins) and of better coverage of the energy ranges both below and above E 0 . Because of strong variability of many blazars, we never combine any two spectra from observations performed at different epochs to enlarge the energy coverage. We also never combine Fermi-LAT spectra with those obtained from IACT observations because 4 Available at http://tevcat.uchicago.edu.
-7 -of potential systematic differences between the instruments' energy scales. These requirements
represent a major refinement with respect to some of preceding studies.
The next step requires to fix the absorption model. We use the most recent EBL model [2] as our baseline low-absorption model; when variations of the model are considered (Sec. 4.1.1), this step is repeated. At this step, we calculate the value of E 0 for every source and check the condition (S2). We are left with 22 objects which, together with the sources observed by
Fermi LAT, are listed in Table 1 .
Fermi-LAT subsample
For blazars observed by Fermi LAT, our starting point is the 3rd Fermi-LAT Catalog of HighEnergy Sources, 3FHL [8] 5 , presenting a list of sources detected confidently above 10 GeV.
From the catalog, we select 1212 objects classified as blazars (classes "BLL", "bll", "FSRQ", "fsrq", "bcu"). Since the redshifts presented in the catalog may be doubtful or erroneous for distant sources, we check them manually to satisfy (R1) and ((R2A) or (R2B) or (R2C)) criteria, using references from NED, and apply the additional constraint z ≥ 0.2, because for less distant sources, E 0 500 GeV is beyond the limit of reasonable sensitivity of Fermi LAT.
This procedure results in a list of 309 blazars. For each of them, we use publicly available [18]. However, not all 3FHL sources have 3FGL counterparts, and for the remaining 4 sources, we used 3FHL coordinates.
The observed spectrum was reconstructed for 8 energy bins, each of 03 dex, for E ≥ 2 GeV. The lower energy limit of 2 GeV was chosen to cut the inverse-Compton peak energy range in order to improve broken power-law fits used in our subsequent analysis.
At the next step, we fix the absorption model and apply the criterion (S2) to the obtained spectra in the same way as it was done for the IACT subsample. A measurement of the flux 5 Available at http://fermi.gsfc.nasa.gov/ssc/data/access/lat/3FHL/ . 6 Available at https://heasarc.gsfc.nasa.gov/FTP/fermi/data/lat/weekly/photon/ .
-8 - in a spectral bin is included if the corresponding number of source photons was nonzero (99% CL). Only 6 of 309 blazars satisfy (S2) and enter our final sample. Other sources, however, are used in the Malmquist-bias tests described in Sec. 4.1.2.
The sample
The list of 28 objects selected in the way described above, Sec. 2.2, 2.3, is presented in Table 1 .
For IACT observations, references for binned spectra used in this work are given there. We also list classes of the blazars (BLL or FSRQ) as determined in the catalogs used to compile the samples, TeVCat and 3FHL. Figure 2 represents the distribution of blazars in our main sample in redshift. One may note that, though BLLs dominate at short and moderate distances and FSRQ are in general farther away, both classes cover large ranges of redshifts. We will return to this subject in Sec. 4.1.3.
Data analysis and results
The key point of our study is the use of blazar spectra corrected for the pair production in a minimal-absorption model. Since, for IACT observations, only binned spectra are available, we adopt our analysis procedure for this case even for Fermi LAT, in order to process all observations in a uniform way. In contrast with many previous studies, including our work [6] , we do not use bin-by-bin deabsorption because it can introduce systematic biases in the -10 -highest-energy bins for the following reasons. The optical depth τ is a function of the incoming photon energy E and the source redshift z. It is important to note that the absorption is not uniform within the bin: photons of higher energy are absorbed stronger 7 . For the energies and distances at which the absorption is significant, this effect may affect strongly the result.
It can be taken into account if the shape of the observed spectrum within the bin is known, as we have done in Ref. [6] ; however, in practice, statistical uncertainties in the highest energy bins often make its determination unreliable.
For the present study, we start from the assumption about the intrinsic spectrum of a blazar, for which we use a broken power law with the break at E b = E 0 (z). Recall that this energy depends on the redshift of the source z, cf. Fig. 1 , and therefore we assume breaks at different energies for different sources. Then we account for the absorption with the selected EBL model, integrate the obtained spectrum over the energy bins and compare resulted bin-by-bin fluxes with the observed data points. In this way, we fit the data with the three parameters of the intrinsic spectrum, that is the overall normalization and two spectral indices. We denote as ∆Γ the difference between spectral indices at E > E 0 and E < E 0 in this best-fit assumed spectrum. By construction, nonzero ∆Γ would indicate the presence of distance-dependent breaks because the assumed break position E 0 (z) is redshift-dependent. This statistical study excludes the absence of distance-dependent spectral hardenings.
Next, we check that this result is not mimicked by hardenings at a certain energy E, common for all sources in the sample. To this end, we perform two additional tests. First, we make the break energy E break a free parameter of the fit, so that it is adjusted independently for every source. Figure 4 compares the fitted break positions E break with the value of E 0 (z);
we see that they agree well to each other: averaged over the sample, log (E break /E 0 (z)) = 0.05 ± 0.22. For a combined fit of all 28 spectra with the hypothesis of breaks at E 0 (z), we obtain χ 2 /d.o.f. 0.70, while it is 0.73 for the case when E break is a free parameter. The second test consists of fitting all the spectra with breaks at a uniformly fixed energy E (we consider values 100 GeV< E < 2.5 TeV). -11 - that the fits with distance-independent breaks are worse than the fit with breaks at E 0 (z) for any fixed assumed break energy.
-12 - Figure 5 . Comparison of the fit quality for the assumptions of spectral breaks at the fixed energy E (full red line, as a function of E); at the distant-dependent energy E 0 (z) (dashed green line); and with the break energy treated as an independent free parameter for each object (dotted blue line).
Discussion
In this section, we perform a study of possible systematic effects affecting our results. We will see that the effect we observed cannot be explained by any potential bias or systematics we are aware of. Then we compare our result with those of previous studies.
Systematic uncertainties
Absorption models
The result of the present study, that is the presence of distance-dependent features in deabsorbed spectra precisely at the energies for which the correction for absorption becomes important, may indicate some problems with the absorption model used. For this study, we used the most recent published model by Korochkin and Rubtsov (2018) , Ref. [2] . In this section, we repeat our study with several other representative models to see that the effect we found is present independently of the choice of the model. Besides the baseline model of Ref. [2] , we considered the following three models: [13] , used in our previous study [6] ;
(ii) Franceschini et al. (2017) [10] ; (iii) a toy high-absorption model normalized to the most recent direct observations of EBL [11, 12] .
The latter model was obtained by scaling the model (ii) by a multiplication factor fitted to the data of Refs. [11, 12] . These two independent studies used different techniques to -13 - distinguish the extragalactic background light from the foreground contribution: Ref. [11] used spectral templates, which are different for EBL and for foregrounds, while Ref. [12] benefited from observations of an absorbing cloud to separate foregrounds experimentally. As it has been discussed above, the energies E 0 , at which the absorption becomes important, depend on the EBL model, and therefore the samples of blazars selected for the study are different for different models. For the models [10, 13] , some blazars from Table 1 do not enter the sample (marked in Table 1 ). For the toy high-absorption model, the list of 45 sources in the sample is available from the authors by request.
We present the resulting significance of the observed distance dependence of spectral hardenings for various absorption models in Table 2 . We see that for the low-absorption models, the significance remains very similar to that obtained for the model of Ref. [2] , ∼ 4σ.
Clearly, a 3.35 times increase in the opacity, suggested by Refs. [11, 12] , had to result in strengthening the effect, and we quantified this consistently within our approach 8 . 8 The fact that the increase of the absorption up to the values suggested by Ref. [11] sharpens the problems -14 - 
The Malmquist bias
Inclusion of sources to our sample is limited by observational capabilities of the instruments through the (S2) criterion of Sec. 2.1. Therefore, sources intrinsically more and more luminous are included at larger distances. In principle, sources may have spectral features correlated with their luminosity, and the flux selection might mimic the observed effect (a particular model for this is not known). In this hypothetical scenarios, weaker objects not detected above E 0 would not have distance-dependent spectral hardenings which we observe for the sources included in our sample. This suggests a way to test this possible bias by a study of objects not detected above E 0 .
To this end, we consider the same pre-selected 3FHL sample described in Sec. 2.3 but relax the condition (S2) of Sec. 2.1. Note that we need a flux-limited sample for this study and therefore perform it for Fermi-LAT sources only, not including the sources observed only by
IACTs. We obtain a sample of 31 blazars with redshifts between 0.354 and 2.534, which are detected significantly in spectral bin containing E 0 , but not above. For each of the objects, we determine upper limits on the strength ∆Γ of assumed breaks at E 0 for these sources in the way described in Sec. Ref. 3 .
The standard Fermi-LAT routine gtlike does not produce reliable upper limits for weak fluxes. For our purposes, we first use the gtsrcprob routine to calculate the weight of each photon: the probability to originate from a given source. The sum of weights is counted and gives the estimated numbers of photons from the source and from backgrounds. The number of source photons is determined as the sum of weights and is typically very small for undetected sources. Since the background photons are considered separately, this number may be treated as the number of signal events with zero background. We round this number of interpretation of the blazar gamma-ray observations has been illustrated in Ref. [41] for two particular sources.
-15 - to an integer (0 in most cases) and estimate the Poisson-based 95% CL upper limit on the flux in the last bin by division to the exposure calculated with the gtexpcube routine.
The results of the calculation of these upper limits on ∆Γ are presented in Fig. 7 . If distance-dependent hardenings were observed in our sample because of the Malmquist bias, then the upper limits on ∆Γ would take randomly distributed positive and negative values.
We see that this is not the case, and therefore our main result cannot be explained by the Malmquist bias.
Source classes
Gamma-ray sources observed at large distances, the blazars, belong to various classes. In this section, we consider a possibility that distant sources are different from nearby ones, and hence may have systematically different spectral features. In general, broadband spectral energy distributions (SEDs) of blazars have two wide bumps, often associated with the synchrotron and inverse-Compton emissions. Relative positions of the bumps are correlated, which may be explained if the same population of relativistic electrons is responsible for both processes.
Therefore, the SEDs are, to the first approximation, characterized by the position of the synchrotron peak so that all blazars form "the blazar sequence" [42] . Flat-spectrum radio quasars (FSRQs) have the synchrotron peak frequency, ν peak , in the radio band, while blazars -16 - To demonstrate that this is not the case, we remove FSRQs from our sample (as it was previously done in several other studies of the gamma-ray absorption, e.g. Ref. [43] ). The classification of FSRQ or BLL given in Table 1 is based on the information given in the 3FHL catalog for Fermi-LAT sources and in TeVCat for sources observed by IACTs. Since the classification is uncertain and various authors may use different criteria for claiming a source is a FSRQ or a BLL, we obtained approximate values of ν peak for objects in the sample, based on SEDs available in NED and also on Refs. [44] [45] [46] . We counted objects with ν peak < 10 14 Hz as FSRQs and others as BLLs, and found that this was in accordance with the classification given in Table 1 for all objects. We note that, while FSRQs are indeed concentrated at larger distances, BLLs cover a wide range of redshifts and the sample of BLLs only may be used for the analysis described in Sec. 3. The sample of BLLs contains 19 objects. The significance of distance-dependent spectral hardenings for BLLs only is 3.7σ, and this reduction in significance with respect to the main analysis is in accordance with the statistical depletion of the sample. Fig. 8 demonstrates that the same quantity ∆Γ does not depend on the synchrotron peak frequency. The analyses therefore support the conclusion that potential BLL/FSRQ selection effects described in the beginning of this section are not responsible for the effect we observe. Indirectly, this may suggest that the intrinsic absorption in FSRQs is a subdominant effect with respect to the absorption on EBL.
Tail of the falling spectrum
At the energies under discussion, spectra are determined from event-by-event information about observed individual photons. Determination of the photon energies is subject to statistical and systematic uncertainties. Statistical uncertainties are usually taken into account in the spectrum reconstruction procedures; however, they might be underestimated, while systematics may affect the overall energy scale of an instrument. We are interested in the highest energies, where, because of steeply falling spectra, the flux is often estimated from observations of a few photons. In the case of a systematic shift of their energies upwards, or if the statistical uncertainty is larger than expected, overestimation of the energies of these few photons may affect significantly the shape of the spectrum.
-17 - We first address potential systematic errors. These are instrument-dependent, and we take advantage of having objects observed by four different instruments in our sample. Table 3 presents significances of the observed distance-dependent spectral hardenings in subsamples of objects with data of one of the instruments dropped. The observed significance is stable and agrees well with the expectations from the sample size. Therefore, only a coherent upward systematic error in the energy estimation by the three IACTs and Fermi LAT may result in the effect we found. We note that this situation is unlikely.
We turn now to the possibility of underestimated statistical errors, which may result -18 -in occasional overestimation of energies of particular photons. In the case of the published spectra, this effect is normally already taken into account by the observing collaboration by making use of the "unfolding" procedure. In any case, this potential systematics would be strongly suppressed for the objects where the spectral hardening happens at energies for which a sufficient number of photons is observed. To select those from our sample, we replace the (S2) selection criterion from Sec. 2.1 by a much stronger one, requiring two (instead of one) spectral bins above E 0 . Only 18 of 28 objects in our sample satisfy these criterion. Performing our analysis for these 18 objects, we find the significance of ∼ 6.9σ for this purified sample.
This disfavours the relation of our observation to potentially underestimated errors in the energy determination; moreover, the fact that a purified, though depleted, sample exhibits a stronger effect gives a serious support to all our conclusions.
Redshifts
Our study of distance-dependent spectral features is sensitive to correct determination of distances to the sources. However, redshifts of distant blazars are not always determined unambiguously. In particular (see Sec. 4.2), redshifts of 2 of 20 objects in the sample we used for our previous study [6] in 2014 were found to be unreliable by 2018, and the two objects left our present sample. Though for the present sample we performed a careful selection of objects based on the quality of their redshifts, see criteria (R1), (R2x ) in Sec. 2.1, one might imagine that some of the 28 redshifts would still appear wrong in future analyses. To understand how this may affect our results, we artificially removed 1, 2 or 3 objects in all possible combinations from the sample and repeated our analysis with the reduced samples.
The lowest significance obtained with 1 object removed is 3.8σ; with 2 objects removed it is 3.0σ and with three objects removed it is 2.4σ. Figure 9 presents the distribution of significances among samples with 2 objects removed. This simple procedure, which mimics potential impact of would-be incorrect redshifts, demonstrates that the effect we found is not saturated by a few high-redshift sources and would not be ruined if their redshifts are found to be incorrect.
Comparison to previous studies
In this section, we give a detailed comparison of our methods and results with those of key previous studies of the gamma-ray opacity of the Universe with ensembles of blazar spectra.
Rubtsov and Troitsky (2014) [6]
The present work uses the same approach as our previous work [6] and confirms its results.
Advantages of the present work, besides the use of new observational data and a more detailed -19 - (ii) use of the new conservative EBL models [2, 10] ; (iii) imposing strict criteria on the redshift quality; (iv) use of a more conservative method which is not based on the bin-by-bin deabsorption.
In particular, these changes resulted in the removal of 4 sources from the sample of Ref. [6] : redshifts of 2 objects (RGB J1448+361 and 1ES 0347−121) did not satisfy our new quality criteria; the reported value of the redshift of B3 1307+433 changed in such a way that the object no longer satisfies the (S2) criterion; for PKS J0730−1141, new Pass 8 Fermi-LAT reconstruction does not result in a significant detection at E > E 0 , contrary to the Pass 7REP (V15) used in Ref. [6] . This removed the most distant objects in the sample which, together with a more conservative analysis method, resulted in a considerable reduction of significance of the result (was 12.4σ, now 4.5σ). The main result remains qualitatively the same.
Horns and Meyer (2012) [5]
Ref. [5] was the first study addressing quantitatively spectral hardenings in the ensemble of distant gamma-ray sources.
(1) Both Ref. [5] and our study address the distance dependence of upward spectral breaks.
-20 -(2) Only objects observed by IACTs (z < 0.536) were included in the sample of Ref. [5] .
They used a stricter requirement of detection at optical depths τ > 2, resulting in the sample of 7 objects only, while we require τ > 1 and include objects for which the hardening was not significantly detected.
(3) In Ref. [5] , bin-by-bin deabsorption was used but the correction for the mean energy in the bin for deabsorption was not implemented.
Fermi-LAT collaboration (2012) [43]
The interesting work [43] presented an analysis of the ensemble of BLLs detected by Fermi LAT at high redshifts and, for the first time, presented a detection of the EBL absorption in stacked spectra of these distant sources. The ensemble of 150 BLLs with redshifts 1.6 was split into three distance bins, and intrinsic spectra were extrapolated from Fermi-LAT observations at low energies. The EBL absorption correction was subsequently determined and stacked within the three redshift bins.
As we know from our present study, only a few blazars (6 with our criteria) have been confidently observed by Fermi LAT above E 0 . Therefore, only the start of the absorption feature was seen in the stacked sample, and the constraints on the amount of absorption were not very tight. For instance, they were expressed as the dependence of log 10 τ (E) for z = 1.0, see Fig. 1 of Ref. [43] , where the width of the allowed band was ∆ log 10 τ 0.5(0.3) at 95% (68%) CL, corresponding to the uncertainty of a factor of a few in τ . While available absorption models are consistent with the upper part of the band, a factor of 2 to 3 lower absorption is allowed for all energies. This is in a good agreement with our results.
Biteau and Williams (2015) [47]
Ref. [47] considered 106 spectra of 38 sources observed by IACTs. Every spectrum was deabsorbed bin-by-bin, without applying the correction for the mean energy of the bin, and the fitted by a model spectrum for which a concave shape was assumed. This study did not reveal any anomaly in the absorption on EBL.
We argue that nonobservation of the absorption anomaly in Ref. [47] does not contradict to the results of the present work. The difference in conclusions is related both to the sample of source spectra used and to the assumptions on the intrinsic spectra. We point out the following differences:
1. In the sample of Ref. [47] , a different set of sources is used, dominated by nearby ones, while in our study, the anomaly reveals itself stronger for distant sources. The dominance of nearby sources in Ref. [47] was enhanced by the use of multiple spectra -21 - and of our sample. Red full line: distribution of redshifts for individual spectra used in the analysis of Ref. [47] (uncertain, lower-limit and erroneous redshifts are not included). Blue dashed line: independent (one spectrum per source) spectra from Ref. [47] . Shaded histogram: redshifts in our sample.
Red line and shaded histogram are normalized to the total number of spectra used, blue line gives a fraction of the red-line distribution.
per source, which gave higher statistical weights to better studied nearby objects, see Figure 10 .
2. The individual-source analysis of Ref. [47] assumed explicitly a concave shape for the deabsorbed spectrum, thus not allowing for the hardenings we study here by construction, see Figure 11 . In fact, in most cases (91 of 106 spectra, in particular for all sources with z > 0.12), the best-fit model corresponded to a power law, that is to the margin of the allowed concave spectra: convex shapes, which give better fits for many of the spectra in our study, were not allowed.
We conclude that the methods chosen by Biteau and Williams in Ref. [47] are insensitive to the anomalous effect we found in Ref. [6] and confirmed here, therefore Ref. [47] and our work are not in a contradiction.
Galanti et al. (2015) [48]
It is interesting to note that the distance-dependent hardenings can still be noticed with the analysis based on a single power-law fit. Figure 11 . Comparison of the treatment of a single binned spectrum by Biteau and Williams [47] and in the present work, using 3C 279 (spectrum from Ref. [21] ) as an example. Data points: deabsorbed spectrum from Ref. [47] , flux data points attributed to mean log observed energy of the bins. The blue butterfly gives the allowed range of concave spectra of Ref. [47] while the dashed green line represents our best-fit spectrum which assumes the break at E 0 (z) for z = 0.536, the redshift of 3C 279.
were described by single power laws, and the distance dependence of the spectral index was studied. Though this approach does not constructively include spectral breaks, deabsorbed spectra with upward breaks look harder when fitted by a power-law, and this hardness was found to be redshift-dependent. Therefore, results of Ref. [48] are in agreement with Ref. [6] and the present work.
Conclusions
In the present work, we readdress the problem of the anomalous transparency of the Universe for high-energy gamma rays, the most significant indication to which [6] was based on an unphysical distance dependence of spectral hardenings in deabsorbed spectra for an ensemble of blazars. By making use of a robust analysis procedure which avoids bin-by-bin deabsorption, of new gamma-ray and redshift data and of most recent EBL models, we confirm the presence of the anomalous distance dependence with the statistical significance of 4.5σ. Compared to Ref. [6] , the range of the distances spanned by our sample shrinked considerably because we imposed strict criteria on the redshift quality. Together with other changes discussed above, this explains the reduction of the significance with respect to Ref. [6] . We discuss potential biases and systematic errors and, by performig various tests, conclude that they cannot be responsible for the effect we observe.
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Interpretations of the anomalous transparency of the Universe have been widely discussed in the literature, see e.g. Ref. [49] for a brief review and a list of references. The simplest possible culprit for unphysical distance-dependent hardenings might be an overestimated EBL intensity. However, reduction of the intensity below the levels predicted by the models we use might be dangerous because the model intensities are very close to the lower limits from galaxy counting. With the help of the Markov-chain optimization behind the model [2] , we plan to attempt to change the EBL model in such a way that the effect we observe in the present work is reduced and to understand how much in conflict this would be with underlying astrophysical data. This will be a subject of a forthcoming work.
A number of proposals attempted to explain the apparent anomalous transparency of the Universe by adding secondary emission to that arriving directly from the source. If these secondary photons are born relatively close to the observer, they do not have time to produce e + e − pairs and arrive unattenuated. With respect to the origin of this secondary emission, it is useful to distinguish the cases when it is caused by electromagnetic cascades [50] or from interactions of hadronic cosmic-ray particles [51, 52] . The main characteristic feature of both approaches is that they require extremely low magnetic fields all along the propagation path of the cascade, otherwise secondary photons would not point to the sources because of deflections of their progenitor charged particles in the cascade.
Other proposals require modification of the photon interactions. We note that the pairproduction cross section has been well determined experimentally, and the only possibility to change it in the kinematic regimes relevant for our study is to allow for small deviations from the Lorentz invariance. However, this change would affect also the development of photon-induced atmospheric showers [53, 54] making the work of IACTs impossible, so that the scenario, in which results of Sec. 3 are explained by the Lorentz-invariance violation, is in fact excluded by the fact that some photons have been detected by these instruments. The remaining explanation invokes a hypothetical axion-like particle (ALP). In external magnetic fields, ALP mixes with photons [55] and, since ALP does not attenuate on EBL, this makes it possible to detect photons from more distant sources. In one of the scenarios, this mixing takes place in intergalactic magnetic fields along the path from the source to the observer [56, 57] , while in the other, a part of photons is converted to ALPs near the source and reconverted back to gamma rays in our neighbourhood (in the magnetic fields of galaxies, clusters and filaments) [58, 59] . Observational consequences of the two scenarios are compared to each other and to data in Ref. [60] . The account of interactions of energetic photons with the axion-like particle allows one to explain consistently all our results without contradicting to any other experimental or observational data.
-24 -A Observed and best-fit intrinsic spectra of blazars in the main sample.
Figures 12-15 present the observed and deabsorbed spectra of 28 blazars from our main sample, see Table 1 , together with values of E 0 and break strengths ∆Γ on which the main result of the paper, Fig. 3 , is based.
